Introduction {#sec1}
============

Graphene is a quasi-two-dimensional 1-atom-thick layer of sp^2^-bonded carbon atoms in a honeycomb structure that, due to its unique and intriguing physical properties,^[@ref1]−[@ref7]^ has been regarded as a promising material for future electronic devices and sensors. Typically, to realize graphene-based nanoelectronic or nanomechanical devices, organic solvents and polymers such as poly(methyl methacrylate) (PMMA) are utilized during the fabrication processes. Previous studies have shown that PMMA is not completely removed by organic solvents such as acetone and that the remaining polymer adsorbates reduce the charge carrier mobility in graphene.^[@ref8],[@ref9]^ To overcome this issue, thermal annealing has been employed as a common method to restore clean atomic surfaces. However, the applicability of this method is limited because of the strong coupling with the substrate,^[@ref10]^ which can lead to the deformation of the graphene membrane.

In contrast to graphene on a substrate, suspended devices are free from substrate impurity-related charge carrier scattering and vertical graphene--substrate phonon interaction. Under ideal conditions, graphene exhibits carrier mobility that can exceed 200 000 cm^2^/Vs and thermal conductivity of up to 2000 W/mK.^[@ref2],[@ref11]^ However, the thermal conductivity of graphene is influenced by its temperature due to strong Umklapp phonon--phonon scattering effects.^[@ref12]−[@ref14]^ This leads to reduced lateral heat dissipation and trapping of hot electrons at the center of the suspended graphene channel. Graphene temperature has been shown to reach up to 2800 K by Joule heating under appropriate bias voltage,^[@ref15]^ creating a micrometer-sized "hot plate" within the suspended area. Such a high temperature is sufficient to evaporate most polymer residues. Also, rapid heating of graphene with a laser under vacuum conditions has been shown to efficiently clean the material.^[@ref16]^ The resulting improvements in characteristics of graphene through the Joule heating process have already been reported.^[@ref17],[@ref18]^

Several experiments with electrically connected graphene devices inside transmission electron microscopes (TEM) have previously been conducted. For example, graphitization of polymer residues due to Joule heating on graphene was observed by Westenfelder et al.^[@ref19]^ and Shyam Kumar et al.^[@ref20]^ in separate experiments. In these studies, the polymer residue, however, showed no large-scale dynamics, presumably because the originally molecular residue had transformed into an amorphous network under high-energy electron irradiation (80 and 300 kV were used, respectively). Healing of defects in few-layer graphene nanoribbons (GNRs) was reported in a similar configuration, and their transport properties correlated with lattice-resolution TEM images.^[@ref21],[@ref22]^ More recently, simultaneous current annealing and high-energy electron irradiation were used to narrow down a GNR in a combined TEM and scanning TEM (STEM) instrument, resulting in the emergence of an observable band gap within the material.^[@ref23]^ However, the dynamics of the residue on graphene and structural changes in the graphene basal plane during Joule heating have not received similar attention.

In this work, we report in situ STEM observation of dynamic changes of graphene and the residual hydrocarbon-based adsorbents at high temperatures induced by Joule heating. Freely suspended graphene devices were fabricated on silicon nitride (SiN) membranes with a hole to allow electrical characterization and Joule heating during STEM observations. In contrast to previous studies carried out at higher voltages, in our experiments, at 60 kV, the residue shows a clearly dynamical behavior while being heated. We expect this to be due to a lower extent of molecule-to-network conversion under our gentler electron irradiation conditions. Remarkably, at the highest temperatures, the adsorbents are completely evaporated, resulting in a clean surface with minimal damage to the underlying graphene membrane. The removal of adsorbents explains the enhanced properties of Joule-heated graphene samples and suggests the use of suspended graphene as an effective high-temperature electron-transparent micrometer-sized hot plate for future in situ microscopy experiments.

Experimental Section {#sec2}
====================

Single-layer graphene was prepared on a SiO~2~/Si substrate by mechanical exfoliation. To form the source--drain contact electrodes, standard e-beam lithography and evaporation process was used. Poly(methyl methacrylate) (PMMA; 950K C4) was spin-coated on graphene and the electrodes at 4500 rpm, followed by baking at 180 °C for 2 min for transferring the device onto the target substrate using the microcontact transfer method.^[@ref24],[@ref25]^ The PMMA layer with the graphene device was separated from the SiO~2~/Si substrate in potassium hydroxide (KOH) solution. The separated layer, including graphene and the electrodes, was then transferred onto a SiN membrane for STEM observations. The metal electrode structures (fabricated on graphene and predefined on the SiN substrate) were used as guides for aligning and positioning graphene on the target substrate. To clamp both ends of the graphene, PMMA was locally cross-linked by irradiation with a high dose of electron beam (\>15 000 μC/cm^2^). After the remaining PMMA layer was dissolved in acetone and rinsed with isopropanol, the fabrication was completed by drying the suspended graphene device using a critical point drying process to prevent the structure from collapse. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows schematically the device fabrication procedure. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b is an optical microscope image of the fabricated device. The electrode structure was designed around the center of a 3 μm hole so that the released thermal energy during Joule heating could dissipate evenly on the suspended graphene membrane. To provide navigational aid during STEM observations, a number of triangular holes were additionally drilled into the SiN membrane. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c is a Raman spectrum of the graphene measured at the center of the hole, showing the G and 2D modes.

![(a) Fabrication process of suspended graphene devices. (b) Optical microscope image of a suspended graphene device. The dotted line indicates the region of single-layer graphene. The inset shows graphene with the electrode pattern before being transferred to the SiN membrane. The scale bar is 10 μm. (c) Raman spectrum of the graphene measured from the suspended part at the center of the hole.](am0c02056_0001){#fig1}

Results and Discussion {#sec3}
======================

The schematic presentation of the measurement setup is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. The suspended graphene with metal electrodes was mounted on a Nion electric cartridge for the Nion UltraSTEM 100 microscope used in all our experiments. The cartridge provides electric terminals that were here used to apply an electric bias over the sample. Current--voltage (*I--V*) characteristics of graphene were measured during STEM observations.^[@ref15]^

![(a) Geometry and connection layout of the experiment. (b) Suspended graphene device imaged with the Ronchigram camera of the STEM instrument at low magnification. (c) STEM-MAADF image of the suspended graphene at the hole center. Inset: lattice-resolution STEM-MAADF image of graphene during the experiment. The hexagonal atomic structure of suspended graphene is clearly visible.](am0c02056_0002){#fig2}

The suspended graphene for STEM observation is located at the center in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. The triangular holes defined around the central hole serve as guide in finding the sample during STEM imaging at high magnification. STEM images recorded with the medium-angle annular dark-field (MAADF) detector are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. Annular dark-field signals are largely produced by electrons scattered by atomic nuclei, i.e., Rutherford scattering. Therefore, the intensity of each atom depends on the atomic number. For low-*Z* elements, such as carbon, MAADF tends to lead to a better signal-to-noise imaging than high-angle ADF (HAADF). All images were recorded at 60 keV primary beam energy, which is below the threshold of knock-on damage and ensures minimal irradiation-induced damage of the sample.^[@ref26],[@ref27]^ Some residual material is clearly visible on graphene as bright spots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c. Interestingly, a crack, which might have been produced by tensile stresses during the transfer process, was also found on a part of the suspended graphene structure.

STEM-MAADF images and *I*--*V* data recorded during Joule heating are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The data were obtained by increasing the range of source--drain bias voltage sweep at each measurement. [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf) shows that the current increased linearly at a low bias voltage until reaching saturation beyond 1.0 V bias, indicating a significant heating of the suspended graphene membrane.^[@ref15]^ There is no difference in conductivity between the forward sweep and the backward sweep until reaching 2.0 V. However, as shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a and [S1a](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf), when the bias voltage was swept from 0.0 to 3.0 V and back, the observed current abruptly increased at around 2.2 V and then exhibited a different saturation behavior at 3.0 V. The estimated conductance during this bias sweep increased from 1.03 × 10^--4^ S (below 2.2 V) to 5.43 × 10^--4^ S (above 2.2 V). Since the thermal energy released on the suspended graphene can dissipate only through the contacted areas (although a small fraction can also radiate), we believe that this change is due to improved contact between graphene and the electrodes caused by thermal annealing. The movement of the bright colored area from the lower left (the source side) to the upper right (the drain side), as seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, recorded during the abrupt change in conductivity, supports our claim. The bright colored area presumably indicates a cluster of residual particles desorbed from the contacted area. The *I*--*V* curves after this change followed that of the backward sweep curve without fluctuations, thus implying the contact improvement was irreversible. [Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf) shows the dissipated electric power as a function of the applied voltage, reaching a maximum of ∼2.0 mW at 3.0 V applied voltage.

![STEM-MAADF images in chronological order with corresponding *I*--*V* data observed while sweeping the voltage up to 3 (a, b), 4 (c), 5 (d), 6 (e), 7, and 8 V (f). The scale bar is 200 nm. See the Supporting Information movies for the entire dynamic process ([Movies S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_002.mov)--[S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_007.mov)).](am0c02056_0003){#fig3}

Three noticeable dynamic processes appear on the graphene surface during Joule heating. First, a residual particle moves and rotates on graphene at high temperature, as indicated by the white arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Based on the STEM-MAADF contrast, this is a carbon-based island of surface residue. It is noteworthy that the residual particles on the graphene surface move along two different directions, which are perpendicular to the crack edges across the gap (Images 3, 18, and 19 of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), and along the crack edge on the graphene surface (Images 6, 11, 14, 15, and 18 of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). These directions of movement are in good agreement with the directions of the electric field simulated by COMSOL Multiphysics ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf)), which implies that the dynamic motion of the residual particles on the graphene surface is governed by the electric field. Also, the observed equilibrium positions are likely sites of highest lattice disorder (crystal defects) and, thus, chemical reactivity.^[@ref28]^ Second, the amount of residual material that covered most of the graphene surface gradually decreased, as is visible in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The bright contrast value regions were identified as polymer and KOH residue via electron energy loss spectroscopy. [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf) shows a HAADF-STEM image and EELS spectrum of the sample, which was fabricated by exactly the same method, clearly indicating the presence of potassium and oxygen residues from KOH used when fabricating the devices. Additionally, polymer residues (PMMA) containing hydrocarbon molecules and their remnants, which are the most common sources of contamination on samples like this, can be seen in the images. When the surface temperature of graphene is lowered, some residues that desorbed due to Joule heating are adsorbed on the graphene surface again, as indicated by the dotted circles (Images 2, 3, 4, 6, 15, 16, 18, 19, 20, and 21 of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), so that the contaminants on the graphene surface repeat adsorption--desorption and relocation processes. Nevertheless, clearly, the contamination on graphene evaporates gradually during Joule heating, and obtaining atomically clean surfaces may require a relatively long annealing time. Lastly, shrinkage of graphene was observed close to the crack, which gradually increased in width during Joule heating. The changes are indicated by yellow arrows in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Since graphene has a negative thermal expansion coefficient, this observation is likely due to temperature-induced shrinkage of graphene. All of these processes (residual particle movement, surface cleaning, and crack widening) occurred between sequentially scanned images, which imply that these dynamics took place within our scan time of 12.7 s ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf)).

To estimate the temperature of the suspended graphene during the experiment, COMSOL Multiphysics simulation of electrical and thermal transport in the channel under a given voltage bias was performed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The geometry of the simulation model was based on the suspended graphene membrane described above. The region where the graphene and the metal electrode were in contact was defined as the heat sink. The Young's modulus for graphene of *E* = 1.0 TPa and a value of 0.23 for Poisson's ratio were used in the calculations. The thermal expansion coefficient was set to −8.0 × 10^--6^ K^--1^. Above room temperature, the temperature-dependent thermal conductivity (κ) of exfoliated graphene follows a relation κ ∝ *T*^--1.9^.^[@ref3],[@ref29]^ This is likely due to the first-order Umklapp phonon--phonon transitions and second-order phonon scattering transitions. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--e shows the calculated equilibrium temperature distributions of the suspended graphene device. The highest temperature region is in the middle of the graphene membrane, as the lateral heat dissipation is suppressed due to the temperature-dependent thermal conductivity. Thus, temperatures as high as 2000 K can be reached due to Joule heating when a bias of 3.0 V is applied. Deformation of graphene due to the temperature-induced shrinkage around the crack was also simulated according to the temperature and the thermal expansion coefficient ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf)). The simulation shows that the heating power at 3.0 V bias is high enough to deform graphene with thermally induced mechanical stress.

![(a--e) Calculated temperature distribution of suspended graphene sheet with a crack. (f) Relation between the applied voltage and the maximum temperature of suspended graphene in the central region.](am0c02056_0004){#fig4}

We also found that increasing the maximum voltage up to 8 V causes the graphene to be torn (irreversible) rather than crack widening (reversible), as seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Movies S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_009.mp4)--[S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_010.mp4). Tearing of graphene is accompanied by a momentary drop of current, as shown with arrows in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, at the applied voltage of 5.6, 6.4, 7.0, 7.1, and 7.4 V, while the maximum sweeping voltage increases to 6 ([Movie S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_009.mp4)), 7 ([Movie S9](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_010.mp4)), and 8 V ([Movie S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_011.mp4)). As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b, our suspended graphene can be divided into three regions: *R*1 (upper part), *R*2 (crack part), and *R*3 (lower part). These are considered as resistors connected in series. The more the tear of the graphene extends to the innermost region, the smaller the width of the remaining graphene region and the greater the *R*2 resistance. As a result, the reduced *R*2 part reaches a higher temperature even at a smaller current (*P* = *I*^2^*R*), causing higher stress and more deformation.

![(a) *I*--*V* characteristics while the graphene is being torn. (b) STEM-MAADF images and schematics for the i, ii, and iii stages in (a). Resistance changes during the current flow through the graphene are expressed in yellow (low resistance) and red (high resistance).](am0c02056_0005){#fig5}

Conclusions {#sec4}
===========

We fabricated a suspended graphene device with two terminal electrodes for in situ STEM observations. This device was electrically connected in the STEM column via feed-through terminals that allow electrical power to be applied and hence the suspended graphene membrane to be heated. As is typical after lithography and transfer processes, we observed polymer residue as adsorbents on the graphene surface. When a voltage of 3 V was applied, motion and cleaning of the polymer residue could be observed. The temperature of the graphene surface was estimated at ∼2000 K based on finite element simulations. Such high temperatures effectively remove the hydrocarbon-based adsorbents from graphene. We point out that the behavior of the carbon-based residue in our experiments differs markedly from earlier studies, where higher acceleration voltages were used for electron microscopy than the 60 kV used here. This demonstrates once again that gentle irradiation conditions are mandatory to not change the atomic structure of the sample during transmission electron microscopy. Overall, the results demonstrated here pave way for in situ STEM observation of the dynamical motion of nanoparticles on graphene or chemical reactions that can reveal the growth mechanisms of low-dimensional structures. The graphene hot plate demonstrated here can serve as a substrate for a wide variety of materials that can thus be observed in situ in the transmission electron microscope under conditions that would otherwise not be achievable. We believe that this is a significant advance, which will lead to a number of breakthroughs in material science research. As one example for the application of our work, a small graphene and two-dimensional transition metal dichalcogenide flake can be transferred on top of the graphene hot plate and dynamic motion of the flakes and high-temperature-induced crystal growth at atomic scale can be observed by STEM measurement.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c02056](https://pubs.acs.org/doi/10.1021/acsami.0c02056?goto=supporting-info).Current--voltage measurements during the voltage sweep; STEM-MAADF images of suspended graphene during Joule heating; simulation results of electric potential distribution, normalized electric field, stress distribution, and distortion of suspended graphene sheet under bias voltages ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_001.pdf))Movies S1--S10: Dynamic processes observed during in situ STEM-MAADF observation of suspended graphene ([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_002.mov))([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_003.mov))([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_004.mov))([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_005.mov))([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_006.mov))([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_007.mov))([MOV](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_008.mov))([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_009.mp4))([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_010.mp4))([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c02056/suppl_file/am0c02056_si_011.mp4))
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